The isomerization of the proline peptide bond between tyrosine-92 and proline-93 in bovine pancreatic ribonuclease A has been investigated in the unfolded protein as well as during the slow refolding process. This bond is in the cis state in the native protein. By comparison of various homologous ribonucleases we show that isomerization of proline-93 is associated with a change in fluorescence of tyrosine-92. This provides a spectroscopic probe to monitor this process in the disordered chain after unfolding as well as its reversal in the course of slow refolding. In unfolded ribonuclease incorrect trans isomers of proline-93 are found in both slow-folding species. trans --cis reversal of isomerization of this proline peptide bond during refolding shows kinetics that are identical with the time course of formation of native protein. Isomerization of proline-93 is slower than the formation of a native-like folded intermediate that accumulates on the major slow refolding pathway. Models to explain these results are discussed.
proteins (N) are followed by slow, presumably local, isomerization reactions of the denatured polypeptide chains, which lead to an equilibrium distribution of fast-refolding (UF) and slow-refolding (Us) species (Eq. 1).
N -UF US [1] The proline hypothesis proposed by Brandts and co-workers provided a plausible explanation for the molecular nature of these isomerizations (1) . After rapid unfolding, cis = trans isomerizations of Xaa-proline peptide bonds occur and create molecules with incorrect proline isomers. These are the Us species.
UF and Us were detected for bovine RNase A by Garel and Baldwin several years ago (2) . The overall UF -Us equilibration reaction of unfolded RNase A displays many properties expected for a proline-limited process (3) (4) (5) . There are two main slow-refolding species of RNase A: a major U~s species (65-70% of all unfolded molecules) and a minor U' species (10-15%). Under [2] very slow 10-15% Us -I N [3] Us actually may consist of several minor species (8) . This multiplicity of states suggests that more than one isomerization occurs in the unfolded protein (RNase A contains four proline residues in its sequence). A model involving two independent isomerization reactions of unfolded RNase has been proposed (9) . Isomer-specific proteolysis experiments designed by Lin and Brandts (8, 10) led to the unexpected conclusion that the major isomerization, creating the dominant U"' species of unfolded RNase, might not be correlated with a proline isomerization event but might instead originate from an as yet unspecified "XY" process. From their data they concluded that only the minor U1 species are created by proline isomerization (i.e., of Pro-93 and Pro-114) in the unfolded chain. They suggested that the unspecified XY process probably does not involve proline isomerization and is responsible for the formation of the major slow refolding UtI species (8-11).
Recently we observed that one of the isomerizations that occurs in unfolded RNase is correlated with a specific increase in tyrosine fluorescence (12) . To probe the molecular origin of this fluorescence-detected isomerization we now employ homologous RNases from related species, which differ in sequence at or around individual tyrosine residues. The results strongly indicate that tyrosine fluorescence is sensitive to the isomeric state of the proline peptide bond connecting Tyr-92 and Pro-93. We then use this distinctive property as a tool to characterize the role of this particular isomerization for unfolding and refolding of RNase. MATERIALS AND METHODS Materials. Bovine RNase A (type XII A) and cytidine 2',3'-(cyclic)phosphate (2',3'-CMP) were from Sigma; guanidinium chloride (GdmCl) (ultrapure) was from Schwarz/ Mann, and sodium cacodylate was from Fluka. AU other chemicals used were from Merck (Darmstadt). Porcine RNase was isolated from porcine pancreas by follpwing published procedures (13, 14) . Concentrations of RNase solutions were determined spectrophotometrically, using a molar absorbtivity at 277 nm of 9700 M-1 cm-' (15) for the bovine enzyme. RNase A from guinea pig was isolated by following the procedure developed for red deer RNase (14) . RNases from black rat (Rattus rattus), cuis (Galea musteloides), capybara (Hydrochoerus hydrochoeris), and red kangaroo (Macropus rufus) were isolated and sequenced as described (16) (17) (18) .
Methods. Kinetics of folding were monitored by absorbance at 287 nm, using a Cary 118C spectrophotometer, or by fluorescence at 305 nm (10-nm slit) with excitation at 268 nm (4-nm slit), using a Hitachi Perkin-Elmer MPF 44 fluorescence spectrophotometer. Final proportional to the amounts of Ut'S and Us produced by the rapid unfolding step at pH 2. The dependence of these amplitudes on the duration of the initial refolding step reflects the disappearance of molecules with incorrect isomers on the U1-N and the Us -* N pathway, respectively. The zero time point was obtained from an experiment in which the initial refolding step was omitted.
RESULTS AND DISCUSSION Slow Fluorescence-Detected Isomerization of Unfolded RNases Probably Originates from Tyr-92. One major slow isomerization reaction of unfolded bovine RNase A is correlated with an increase in tyrosine fluorescence (9, 12) . Specific long-range interactions are no longer operative in the complbtely unfolded protein; therefore this fluorescence change probably originates from a local change in chain geometry in the vicinity of one or more tyrosine residues. Here we have used seven homologous RNases that differ in sequence at or around Tyr-92 and Tyr-115 to probe the origin of this slow fluorescence change. In bovine RNase these two tyrosine residues are adjacent to Pro-93 and Pro-114, respectively. The fluorescence-detected isomerization can be measured conveniently after unfolding at pH 2 in high concentrations of GdmCl, because the actual protein unfolding reaction (N -* UF) is extremely rapid at low pH for all these RNases (12) . Fig. 1 shows this isomerization after unfolding of bovine RNase A at 10°C, pH 2, in the presence of 5.0 M GdmCl. RNases from pig, cuis, and kangaroo, which have a Tyr-Pro sequence at positions 92-93 but lack either Tyr-115 or Pro-114, display slow fluorescence-detected isomerizations as well. They are very similar to the corresponding reaction of the bovine enzyme in their rates and in their amplitudes (Table 1 ). In the RNases from capybara and from guinea pig, Tyr-92 is replaced by Phe-92 (17, 21) , and in these two proteins the slow isomerizations of the unfolded chain are not coupled to a change in tyrosine fluorescence (Table  1) . Tyr-92 is the only tyrosine residue that is absent from capybara and guinea pig RNases as compared to the bovine enzyme. Substitution of this particular tyrosine is sufficient to abolish the slow increase in fluorescence after complete unfolding, indicating that the emission properties of the remaining five tyrosines (including the nearby Tyr-97) are not affected by the above process. In other words, this slow isomerization is a strictly local event, which occurs in the immediate vicinity of position 92 in the unfolded chain. If position 92 is occupied by tyrosine, then changes in the fluorescence of this residue can be used as a specific probe for this isomerization.
Fluorescence-Detected Isomerization Shows Properties of (12) . This value is well within the range expected for a prolinecontrolled reaction.
The cis -trans isomerization of proline peptide bonds is catalyzed by strong acids (22, 23) . The fluorescence-detected isomerization is acid catalyzed as well (Fig. 2) . Catalysis starts at about 5 M HCl04. The rate of the catalyzed reaction and its dependence on HCl04 concentration are identical with the major faster reaction observed in the acid catalysis of the overall isomerization (3). Acid catalysis, together with the evidence presented above, strongly suggests that the reaction that changes the fluorescence of Tyr-92 is proline isomerization. The simplest explanation is that the fluorescence-detected process in unfolded RNase is isomerization of the peptide bond between Tyr-92 and Pro-93 after unfolding from the native all-cis state to a mixture of cis and trans configurations. This conclusion has already been proposed by us and others (7, 9, 12 residues 92 and 93 probably leads to a marked change in orientation of the tyrosyl chromophore relative to the neighboring disulfide bond between residues 40 and 95 and thus to a change in the efficiency of fluorescence quenching.
Reversal of the Fluorescence-Detected Isomerization of Tyr-
Pro at Residues 92-93 During Refolding Can Be Monitored by Unfolding Assays. The reversal of the fluorescence-detected isomerization in the course of slow refolding can be measured by unfolding assays in the following way. After various times of folding, ti, samples are withdrawn from the refolding solution, transferred to unfolding conditions of pH 2, 4 M GdmCl, 10TC, and the amplitudes of the resulting slow fluorescence-detected isomerizations are determined. These amplitudes are proportional to the fraction of RNase molecules that had already reversed the fluorescence-detected isomerization during the refolding step; consequently, in the unfolding assay, they isomerize back to the equilibrium distribution of the unfolded state. The kinetics of the reversal of the fluorescence-detected isomerization during refolding in 0.2 M GdmCl, pH 6, at 100C are shown in Fig. 3 . According to the proline model, the fluorescence amplitudes reflect the fraction of RNase molecules that have already reversed the isomerization of the peptide bond between Tyr-92 and during the refolding time ti. Our assay thus measures the kinetics of trans > cis conversion at Tyr-92 and Pro-93 during the slow refolding reactions.
Previously Cook et al. (6) developed a two-step assay that measures the overall amount of RNase molecules with any incorrect isomers at different times during the slow refolding process. The reversal of the fluorescence-detected isomerization of the Tyr-Pro peptide bond at residues 92-93 correlates well with the overall decrease of the number of molecules with incorrect isomers (Fig. 3) .
Reversal (6, 7, 24) . IN closely resembles the native protein in its catalytic activity and in its tyrosine absorbance. However, IN molecules still have incorrect isomers and consequently they revert back to Us species upon rapid unfolding at low pH (5, 6, 24) . Fig. 4A shows that at 00C, in the presence of 0.4 M ammonium sulfate, pH 6 Fig. 3 , its correspondence with the overall decrease of molecules with incorrect isomers as measured by the twostep assay of Cook et al. (6) is good. trans -* cis isomerization of Pro-93 evidently occurs in the last step of refolding in parallel to the formation of the native protein.
The two-step assay of Cook et al. (6) measures the overall decrease of molecules with incorrect isomers during refolding.
The individual isomerization steps in the course ofthe major Uls N and the minor Us --N pathways can be separated and measured individually by a modification of the two-step assay. This is achieved by performing the final refolding step of the assay under conditions that allow a kinetic separation ofthe two slow refolding reactions. We used this modified assay to probe refolding under the strongly native conformation-favoring conditions employed in Fig. 4A . The results (shown in Fig. 4B isomerizations is also plotted in Fig. 4B . It matches the overall isomerization process as determined by the original two-step assay (the broken line in Fig. 4A ).
In Fig. 4B 
